Targeted stormwater event-based monitoring of adenovirus, Cryptosporidium and Campylobacter, the human health reference pathogens of viruses, protozoa and bacteria, respectively, was undertaken to determine numbers prior to water recycling via an aquifer. This allowed the determination of a 95th percentile of reference pathogen numbers in stormwater (2 n/L for adenoviruses, 1.4 n/L for Cryptosporidium and 11 n/L for Campylobacter) and was used in a quantitative microbial risk assessment to determine the required microbial inactivation targets. Log 10 removals through treatments and/or control measures to manage pathogen risks were determined for different end uses based on the 95th percentile numbers. Public open space irrigation was found to require 1.6 log 10 reduction for viruses, 0.6 log 10 for protozoa and 1.2 log 10 for bacteria; third pipe systems which include potential exposure through toilet flushing and washing machine use require 2.7 log 10 reduction for viruses, 1.8 log 10 for protozoa and 2.3 log 10 for bacteria; and drinking water requires 5.8 log 10 reduction for viruses, 4.8 log 10 for protozoa and 5.3 log 10 for bacteria. These results are the first reported for an Australian urban stormwater site with sufficient data for a drinking water risk assessment.
INTRODUCTION
The harvesting of urban stormwater is expected to become increasingly important as the availability of water resources declines under climatic change and demand increases due to urbanisation. Urban stormwater in this context is rainwater plus anything the rain carries along with it. In Australian urban areas, rain that falls on paved areas such as driveways, roads and footpaths is carried away through a system of pipes that is separate from the sewerage system. Unlike sewage, stormwater is generally not treated prior to marine discharge. In some cases it is filtered through trash traps, usually located at the end of the pipe system, but it still flows directly from streets and gutters into local rivers, the harbour and the ocean.
Harvesting and reuse of urban stormwater has led to increased characterisation of its water quality parameters as well as treatment methods for non-potable uses such as wetlands, water sensitive urban design and biofilters (e.g. This has precluded the use of urban stormwater for potable use as in Australia. Currently the 95th percentile numbers of pathogens in source waters and the mean validated removal rates must be used for each preventative measure when used in risk assessments (NRMMC-EPHC-AHMC ). This is a risk-based approach consistent with that adopted internationally for drinking water quality management by the World Health Organisation (WHO ). This approach uses healthbased targets (quantified as Disability Adjusted Life Years, or In the absence of actual pathogen data, some default pathogen numbers have been adopted to support non-potable risk assessments. The default numbers utilised are 1 virus/L, 1.8 Cryptosporidium /L and 15 Campylobacter /L (NRMMC-EPHC-NHMRC a). This has worked well to support stormwater harvesting and reuse generally, but specifically excludes the use of these default values for drinking water. This present study aims to fill a gap in urban stormwater pathogen data with the specific objectives to calculate the 95th percentile of reference virus, protozoa and bacteria in urban stormwater to allow for drinking water risk assessment. This allows a comparison with the default pathogen numbers, and also the calculation of the required level of treatment to meet the international health-based targets for potable use.
MATERIALS AND METHODS

Site and operational details
Urban stormwater is currently harvested from a mixed residential and industrial catchment area in the City of Salisbury, South Australia, and treated via passage through constructed wetlands and Aquifer Storage and Recovery (ASR) and Aquifer Storage Transfer Recovery (ASTR) systems before being utilised for municipal irrigation (Figure 1 ).
The Parafield catchment and ASR, ASTR and stormwater harvesting systems have been previously described by Page et al. (a, b, , a) .
Stormwater sampling
Urban stormwater was sampled at the Parafield Data Station (PDS, see Figure 1 ) site using two techniques: grab sampling once during a storm event, and composite sampling across a storm event. An ISCO automated water sampler (6700 series) was used to collect a 240 L composite sample in 10 L subsamples at the PDS site. The sampler was set up to begin pumping after 5 minutes of stormwater flow in the drain. Each subsequent 10 L subsample was collected at a volumetric interval of 10 kL until 24 samples were col- 
Virus concentration, detection and enumeration
Water samples (20-55 L volumes) were concentrated by ultrafiltration using hollowfibre ultrafiltration dialysis filters.
Concentrates were further processed using polyethylene glycol precipitation based on the method of Lewis & Metcalf () . 
Calculation of health-based targets
The health-based targets (also known as the log 10 treatment targets) calculations were performed as described below.
For each use, the treatment required (expressed in log 10 removal) was calculated for each of the three reference pathogens to meet the WHO health-based target for drinking water of 1 × 10 À6 DALYs/person/year (WHO ).
Log 10 reduction ¼ Log 10 (number of organisms in stormwater
where the dose equivalent to 1 × 10 À6 DALY used was: rota- Sewer overflows that discharge into the environment Daily flow rates on days where there was flow recorded ranged from 7.2 × 10 À4 to 9.8 × 10 4 m 3 d À1 (mean 4.9 × 10 4 m 3 d À1 ).
RESULTS AND DISCUSSION
Compiled pathogen and faecal indicator stormwater quality data for the Parafield site are reported in Table 1 . 
Urban stormwater treatment requirements for potable use
The pathogen data were transformed into a form suitable to support data analysis, by setting results that reported below detection limits to a value of one half the detection limit (for all relevant samples for all determinants). The results were also corrected for the recovery efficiency of the methodology used for analysis (for protozoan parasite oocysts counts). An interpolated 95th percentile was carried forward based on a fitted log normal distribution to provide the summary statistic for the drinking water human health risk assessment. The root mean square error for the lognormal fits for the Parafield catchment pathogen data were 0.006438 for viruses, 0.004094 for protozoa and 0.03265 for bacteria. Where there were insufficient numerical data to derive an interpolated 95th percentile (where a lognormal curve could not be fitted), or where the interpolated 95th percentile was below the detection limit, the maximum observed value was carried forward to provide the summary statistic for the health risk assessment. This approach was adopted for deriving the Campylobacter bacterial reference pathogen numbers in the guidelines, which was based on the maximum observed value: 15 n/L ( Table 1) . The maximum observed value previously applied for Campylobacter at the Parafield system was also 15 n/L (Page et al. a), but greater numbers of detections in this current study allowed for an interpolated 95th percentile to be carried forward, based on a fitted log normal distribution, to provide the summary statistic for the human health risk assessment of 11 n/L.
Where no numerical data were reported because all samples were reported as 'none detected', 10 times the detection limit (1 per 10 L) for viruses was considered to represent a conservative summary statistic for the health risk assessment. This approach has been previously adopted in Australia for deriving the infectious adenovirus viral reference pathogen concentration in stormwater (1 n/L). For the Parafield system, the maximum detected number of viruses was 420 n/L using a PCR-based technique. A greater number of detections allowed for an interpolated 95th percentile to be carried forward, based on a fitted log normal distribution, to provide the summary statistic for the human health risk assessment of 194 n/L. These values were then used to determine the microbial performance targets shown in Table 2 . Specific exposure data can also be used as an alternative to the defaults shown in Table 2 .
As presented in Table 2 , there are considerable differences in treatment removal requirements for different uses of stormwater. As expected, drinking water has the highest requirements; all uses required some form of treatment or exposure control. Table 2 shows that viruses require the highest log 10 reductions, ranging from 5.8 log 10 for drinking water to Employing on-site controls to reduce exposure augments or reduces the focus on more expensive treatment.
Exposure controls for irrigation such as use of a withholding period (e.g. Page et al. a) or buffer distances, can be used in combination with treatment processes to meet the required log 10 reduction targets calculated in Table 2 . For example, a withholding period, which is currently used for public open space irrigation, would meet the required health-based targets.
Treatment processes can be used alone or in combination with on-site preventative measures to meet the minimum health-based log 10 reduction targets. The required log 10 reductions can be accumulated over sequential treatments and control measures. It is noted that a single treatment process (barrier) is usually not attributed a value >4.0 log 10 . This is because validation of treatment barriers becomes problematic at >4.0 log 10 due to a lack of available surrogates for monitoring with sufficiently low detection levels. In general, the following assessments of risk can be determined for the different stormwater use options.
Open space irrigation requires 1.3 log 10 using the default stormwater harvesting guidelines (or >1.6 log 10 using the Parafield specific data from Table 1) for reduction of viruses and Cryptosporidium, and can potentially be managed using chlorination or UV disinfection and/or exposure controls.
Toilet flushing and washing machine water requires 2.7 log 10 for viruses and aquifer treatment, and chlorination would be sufficient. However, cross-connections are the largest risk in dual reticulation systems. Exposure can be reduced using additional preventative measures such as certified plumbing schemes, staged inspections, and audits.
Drinking water use requires the highest microbial health-based targets, which would involve significant treatment: 5.5 log 10 for viruses using the default values from the guidelines or 5.8 log 10 using the Parafield data. The different potential end uses for stormwater harvesting and reuse are presented along with the associated microbial health-based targets in Table 2 . An example treatment train to produce the required pathogen inactivation credits for drinking water would include filtration for turbidity removal followed by UV and chlorine disinfection. Other treatment combinations are equally valid (e.g. use of ozonation or reverse osmosis membranes for pathogen removal or even aquifer treatment if validated); the selection of 
